Sodium alginate is an effective biomaterial for tissue engineering applications. Non-purified alginate is contaminated with protein, lipopolysaccharide, DNA, and RNA, which could elicit adverse immunological reactions. We developed a purification protocol to generate biocompatible alginate based on (a) activated charcoal treatment, (b) use of hydrophobic membrane filtration (we used hydrophobic polyvinylidene difluoride membranes to remove organic contaminants), (c) dialysis, and finally (d) ethanol precipitation. Using this approach, we could omit pre-treatment with chloroform and significantly reduce the quantities of reagents used. Purification resulted in reduction of residual protein by 70% down to 0.315 mg/g, DNA by 62% down to 1.28 mg/g, and RNA by 61% down to less than 10 mg/g, respectively. Lipopolysaccharide levels were reduced by >90% to less than 125 EU/g. Purified alginate did not induce splenocyte proliferation in vitro. Three-dimensional scaffolds generated from purified alginate did not elicit a significant foreign body reaction, fibrotic overgrowth, or macrophage infiltration 4 weeks after implantation. This study describes a simplified and economical alginate purification method that results in alginate purity, which meets clinically useful criteria.
Introduction
Sodium alginate is a naturally occurring polysaccharide extracted from marine plants (algae kelp). 1 It has been widely used for cell encapsulation and tissue engineering applications. [2] [3] [4] [5] [6] [7] [8] Our group has recently described the use of a pro-angiogenic 3D alginate scaffold that was pre-vascularized for 2 weeks under the abdominal rodent rectus muscles, and subsequently used successfully as a carrier for pancreatic islets isografts in an extrahepatic, easily accessible site. 9 It is well known that non-purified sodium alginate is contaminated with various proteins, lipopolysaccharide (LPS), DNA, and RNA, each of which is capable of inducing host immune responses following implantation. 10 Since impurities can induce fibrotic overgrowth that interferes with the diffusion of nutrients and oxygen, 11 the use of alginate scaffolds or capsules has not yet achieved clinical application. The production of cytokines by attracted inflammatory cells leads to destruction of transplanted cells residing within the alginate matrix, 12 and pancreatic islet viability has been shown to be directly related to the purity of the alginate used for implantation. 13 To minimize immune responses that interfere with the clinical usefulness of alginate scaffolds, several methods for alginate purification have been tested previously. 14, 15 Industrial purification methods suffer from inefficiencies such as the need to use large quantities of organic solvents and/or time consuming extraction steps, and/or use of potentially harmful chemicals such as chloroform. [16] [17] [18] Previous studies purified alginate with activated charcoal followed by dialysis and ethanol precipitation to remove gross contamination. 19 These methods resulted in preparations which were still unacceptable due to the remaining levels of residual LPS and protein contamination that would continue to elicit immunological reactions. 14 To avoid the above pitfalls, we therefore evaluated materials that specifically bind organic contaminants without binding alginate. Several bioactive resins and filter membranes are known that meet these requirements, 20 for example, aldehyde-based 21 or anhydridebased 22 chemistry. Unfortunately, these materials need to be activated using hazardous chemicals such as cyanuric chloride. Moreover, reactive aldehyde or anhydride groups on these materials are rapidly deactivated in water, making them less suitable for large volume treatment of aqueous solutions.
Polyvinylidene difluoride (PVDF) does not suffer from the previously mentioned disadvantages. PVDF is a hydrophobic polymer with high affinity for proteins via both hydrophobic and electrostatic interactions. 23, 24 Hydrophobic PVDF membranes such as Immobilon-P (Millipore, Temecula, CA) have already been used for protein and LPS analyses. 25, 26 These membranes have a thickness of 100-130 mm, a pore size of 0.45 mm, and bind 100-200 mg of protein per square centimeter. We hypothesized that the use of a membrane filtration step would enhance the removal of contaminants from alginate by specifically binding residual contaminants. Using our optimal PVDF-based protocol, we could effectively increase the removal of protein, LPS, DNA, and RNA to levels that are clinically acceptable, while omitting pre-treatment with chloroform, which can be toxic to the cells. We could also significantly reduce the total quantities of reagents used compared with methods described earlier 17 (reference added).
Materials
Ultrapure water for dialysis was obtained from a Hydro Picopure (Millipore, Temecula, CA) purification system. Low viscosity alginate (MW < 35 kD) obtained from brown algae which consists of straight-chain, hydrophilic, colloidal, and polyuronic acid, which is composed primarily of anhydro-b-D-mannuronic and a-L-guluronic acid residues with 1!4 linkage (A0682) and a viscosity of 4-12 cP, 1% at 25 C, activated charcoal (C9157), monosodium phosphate monohydrate (71507), disodium phosphate heptahydrate (431478), hydrochloric acid (H1758), and sodium hydroxide (S8045) were all purchased from Sigma-Aldrich (St Louis, MO). Molecular biology grade water (Hyclone SH30538), neutralized carbon (C170), 50,000 MWCO dialysis tubing (Spectra/Por7, Spectrum Laboratories, Inc., Rancho Dominguez, CA, part # 132130), 35 mm standard closures (Spectrum Laboratories, Inc., Rancho Dominguez, CA, part # 132736), 90 mm Bu¨chner funnel filter setup (Kontes Ultraware, Kimble-Chase, Vineland, NJ), micro-BCA kit (part # 23235), and molecular biology grade ethanol 100% (BP2818-4) were purchased from Thermo Fisher Scientific (Fairlawn, NJ). Hydrophobic Immobilon P membranes (IPVH 00010) with 0.45 mm pore size, 90 mm glass membrane pre-filters (type AP15), and 0.45 mm Stericup filter flasks (SCHVU05RE) were purchased from Millipore (Temecula, CA). Alpha minimum essential medium (MEM), fetal calf serum (FCS), and L-glutamine (GlutaMax Õ ) were purchased from Invitrogen/Gibco (Carlsbad, CA). Primocin was purchased from Invivogen (San Diego, CA).
Glassware was cleaned and detoxified by 24 h treatment with 0.5% hypochlorite followed by washing and baking for at least 120 min at 240 C. LPS was measured using the Pyrosate kit according to the manufacturer's instructions (Cape Cod Inc., East Falmouth, MA). DNA and RNA were determined using the Qubit Quantitation Platform (Invitrogen, Carlsbad, CA). Spectrophotometric absorption was measured on a Shimadzu UV1700 PharmaSpec (Shimadzu Scientific Instruments, Somerset, NJ). Controls used for purification efficiency consisted of non-purified alginate (Sigma-Aldrich 0682) and pharmaceutical grade alginates; low viscosity, high mannuronic acid Pronova UP LVM (approx. MW 75-200 kD, apparent viscosity 20-200 cP), and low viscosity, high guluronic acid, Pronova UP LVG (approx. MW 75-200 kD, apparent viscosity 20-200 cP) (batch numbers FP-106-1 and FP-305-01, respectively, both were obtained from FMC Biopolymer/Novamatrix, Sandvika, Norway). Lyophilization was achieved using a BOC/Edwards 8 vacuum pump and cold trap (Tewkbury, MA) at 0.2 torr. pHs were determined using a digital pH meter (Accumet AB15þ, Cole-Parmer, Vernon Hills, IL) calibrated with commercially available buffers (Thermo Fisher Scientific, Fairlawn, NJ).
Methods
Alginate purification protocol (Chart 1). We investigated several conditions to optimize removal of mitogens and pyrogens by filtration. We employed a minimum pH of 5.5 due to precipitation of alginate at lower pHs, which would result in unacceptable filtration rates. To determine the influence of ionic strength on degree of filtration and purification, we used sodium phosphate buffer concentrations of 10 mM and 50 mM. In total, we produced 17 batches of purified alginate. Comparisons of residual organic contaminants are shown within the final most optimized batch.
Charcoal treatment. After dissolving 1.5% alginate (w/w) in purified water without or with either 10 mM or 50 mM sodium phosphate, 1.5% neutralized carbon was added to the solution and pH was adjusted to 5.5 using 37% hydrochloric acid at room temperature. The solution was subsequently stirred for 20 h at 50 C to prevent potential microbial growth and was then filtered through a glass pre-filter to remove charcoal and any particulate matter prior to collection in a 2 L depyrogenized Erlenmeyer flask. Following filtration, 1.5% of acidic activated charcoal was added to the suspension while stirring and pH adjusted at 5.5 at room temperature, followed by an additional 20 h of stirring at 50 C. A second filtration step through a glass prefilter to remove charcoal resulted in a filtrate with a yellowish gray color.
Hydrophobic PVDF treatment. Sheets (90 mm Â 90 mm) of PVDF were cut prior to their use in the 90 mm Bu¨chner funnel setup. Membrane filters were immersed in methanol for 15 s to remove air, washed in ultrapure H 2 O, and kept in sterile phosphate buffer solution at pH 5.5. Filtration was performed using a Bu¨chner funnel setup and two alternating Erlenmeyer vacuum flasks. Prior to filtration, the pH of alginate solution was adjusted to 5.5. Using the in-house vacuum system in a laminar flow hood, the complete volume of alginate solution was filtered, the membrane filter was then replaced with a fresh filter and this step was repeated 20 times using a total of 20 filter membranes for 1 L of alginate solution. The price per single PVDF sheet used in this protocol was between US$3 and US$4.
Dialysis. After filtration, alginate solution was sterile filtered using 0.45 mm Stericup filter flasks (Millipore, Temacula, CA). Filtered solution was transferred to pre-washed dialysis tubes (50,000 MWCO), closed with double clamps on each side, and dialyzed for 48 h against ultrapure H 2 O (1:100 volume) with one change of water after 24 h at room temperature. Following dialysis, the resulting purified solution was collected in 50 mL conical tubes (part # 352070, BD Biosciences, Franklin Lakes, NJ), frozen at À20 C, lyophilized at 0.2 torr, and redissolved in ultrapure H 2 O at 2% weight/volume prior to use.
Ethanol precipitation. To precipitate 20 mL alginate solution in 50 mL conical tubes, we used equal volumes of 100% ethanol and 2% alginate solution. After adding 20 mL ethanol, the solution was vortexed for 1 min at 3000 rpm and subsequently spun at 4000 rpm for 30 min. Supernatants were removed and pellets dried at 0.2 torr. After drying, pellets were redissolved at 2% in ultrapure H 2 O and sterile filtered using 0.45 mm Stericup filter flasks (Millipore, Temacula, CA) before analyzing the product for purity.
Determination of alginate purity and immunogenicity
Protein quantification. In preparation for protein assay, alginate solutions were diluted 1:10 to 0.2% in ultrapure water, followed by 60 min incubation with BCA reagent according to the manufacturer's instructions. Protein concentrations were compared with standard curves obtained with bovine serum albumin included in the BCA kit. Absorption was read in 200 mL plastic cuvettes at 562 nm. Resulting protein content was converted to milligrams of protein per gram of dry alginate. Measurements were performed in triplicate.
LPS quantification. LPS levels were determined using the Pyrosate kit, which is based on the limulus amoebocyte lysate (LAL) assay. This kit has a sensitivity of 0.25 EU LPS/mL. Alginate solutions were tested at 2% and 0.2% weight/volume ultrapure H 2 O after filtration through 0.45 mm syringe filters (Millex-HV, 33 mm diameter, Millipore, Temecula, CA). In brief, according to the manufacturer's instructions, 0.5 mL LAL reagent water and 0.5 ml alginate solution were added to sample tubes, mixed, and dissolved, followed by transfer of 0.25 mL of each solution to the positive control tubes in duplicate. All tubes were incubated at 37 C for the time specified by the manufacturer. Formation of a clot was determined by visual inspection and inversion of tubes; test was considered valid if sample and positive controls showed clot formation and all negative controls absence of clots.
DNA and RNA quantification. DNA and RNA concentrations in alginate solutions were determined using the Qubit Quant-iT quantitation system using the Qubit Fluorometer (Q32857) with the Quant-iT dsDNA HS (Q32854) and RNA HS (Q32852) assays (Invitrogen, Carlsbad, CA). In brief, non-purified and purified alginate (Sigma-Aldrich 0682) and Pronova LVM and LVG solutions were diluted to 0.2% in working solution as provided by the manufacturer. DNA and RNA concentrations were determined fluorometrically according to the manufacturer's instructions. Results are presented in micrograms DNA or RNA per gram dry alginate.
Assay for immunogenic activity. Rat splenocyte proliferation was used as an indicator for alginate immunogenicity, based on a modified protocol as previously described. 17 Briefly, rat spleens were removed under sterile conditions and collected in alpha MEM supplemented culture medium containing 10% fetal calf serum (FCS), 2 mM L-glutamine, and 100 mg/mL Primocin, minced and passed through a 100 mm cell strainer (part # 352360, BD Biosciences, Franklin Lakes, NJ) into 50 mL conical tubes. In all, 10 5 splenocytes were incubated in 200 mL alpha MEM and 10% FCS including various alginate solutions in 96-well flat bottom tissue culture plates (part # 353072, BD Biosciences, Franklin Lakes, NJ). Splenocyte proliferation was serially measured at 48 h after incubation at 37 C and 5% CO 2 . WST-1 (20 mL) (Roche Applied Science, Indianapolis, IN) was added 2 h prior to reading at 450-650 nm in a Vmax kinetic microplate reader (Molecular Devices, Sunnyvale, CA) to determine light absorption which directly correlates with the number of metabolically active cells in the culture. Obtained values were corrected for background absorbance, which was determined by measuring absorption in the medium without the presence of alginate or cells.
Alginate viscosity. Following purification, alginate viscosity may increase to unpractical levels after processing due to excessive removal of short chain alginate molecules. 14 Viscosity of purified alginate solution was measured using a stress controlled MCR 501 rheometer (Anton Paar GmbH, Graz, Austria) at 25 C using a maximum of 41 increasing shear rates at minimum torque of 1.0 Â 10 À7 nM at 2.5% and 1.2% w/w solutions. Measurements were done in triplicate and compared with previously reported data. 14 
Alginate biocompatibility in vivo
Implantation of alginate scaffolds. All animal studies were reviewed and approved by the Columbia University Institutional Animal Care and Use Committee (IACUC). Male Lewis rats were obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN) and weighed between 200 and 250 g. Three-dimensional scaffolds were fabricated by adding 400 mL alginate to a 4.2 cm 2 cell culture insert with transparent 0.4 mm polyethylene terephthalate membranes (part # 353090, BD Falcon, BD Biosciences, Franklin Lakes, NJ). Transparent membranes were found to generate optimal scaffolds with even surfaces. Loaded inserts were placed in six-well tissue culture plates (part # 353046, BD Falcon, BD Biosciences, Franklin Lakes, NJ) and 3 mL of 4.3% calcium gluconate was added to each bottom well. Plates were maintained at 4 C for 24 h to solidify the alginate by diffusion of calcium ions through the insert membrane. Following solidification, scaffolds were removed from the culture inserts and washed 3 times in 3 mL of sterile ultrapure water to remove excess calcium gluconate and to keep them moist in sterile ultrapure water until implantation. Scaffolds were inserted between abdominal muscle layers of Lewis rats (n ¼ 5) following anesthesia with isoflurane gas (1-5%). After shaving and sterilizing the rat's ventral surface, skin was incised in the midline and the underlying muscle was then carefully dissected just lateral to the midline down to the ventral fascia over the peritoneum. By blunt dissection, a pocket was created within the rectus muscle. The pocket was made large enough to accommodate a scaffold $10 mm in diameter. The pocket and skin were closed in separate layers after successful scaffold implantation. Four weeks after implantation, the animals were euthanized by exsanguation and the rectus muscles containing scaffolds were harvested. Tissues were fixed in 4% paraformaldehyde in PBS for 24 h, transferred to 70% ethanol and sectioned. Sections (5 mm) were stained with hematoxylin/eosin for general histological analyses, and Masson's trichrome for collagen and fibrosis. We examined all sections for the well described foreign body reaction, which consists of fusion of macrophages to multinucleated giant cells in response to immunogenic material. 27 We quantitated numbers of multinucleated giant cells as number of cells per high power field (400 Â magnification) under a light microscope (Olympus BX41, Center Valley, PA) in five serial sections per animal. As a positive control for multinucleated giant cell formation, we used biodegradable polyglycolic acid sutures (VICRYL Õ , Ethicon, Somerville, NJ) made from polyglycolic acid (PGA), a biodegradable material, which is known to induce a significant giant cell reaction. 28 Suture material was placed at a different site at the time of scaffold implantation in the abdominal rectus muscle and that tissue was harvested at the same time as scaffold explantation to use as comparison control for the quantification of macrophage and giant cell reaction in the alginate scaffold material.
Statistical analyses
Student's t-test (unequal variance, two-tailed) was used to compare the results. A p value < 0.05 was considered to be statistically significant. Results are presented as means AE standard error of the mean (SEM).
Results
To prepare 3-4 g of purified alginate from 15 g of nonpurified alginate, we used a total volume of 105 L of water, mostly due to alginate dialysis steps against water 1:100. We further used a total volume of 500 mL of ethanol and 500 mL of methanol, a significant reduction when compared with other methods such as that of Klo¨ck et al. 17, 29 Following purification, aforementioned methods yielded 1-2 g of purified alginate from 18 g raw starting material.
Quantification of residual alginate contamination
After purification of low molecular weight alginate (Sigma-Aldrich 0682) using our customized method, protein, DNA, RNA, and LPS contents were determined as described above. Controls included non-purified alginate and ultrapure LVM and LVG alginates (FMC Biopolymer/Novamatrix, Sandvika, Norway).
Protein contamination. We found filtration through hydrophobic PVDF membranes in 10 mM phosphate buffer at pH 5.5 (PVDFAlg10) to be optimal. As determined by the micro-BCA method, we could reduce protein contamination from 10.8 AE 0.2 mg/g found in non-purified alginate to 3.15 AE 0.1 mg/g following filtration, a 72% reduction (p < 0.05) (Figure 1 ). This reduction was significantly less than when filtration was performed in unbuffered alginate solution (PVDFAlgUnb) or in 50 mM phosphate buffer (PVDFAlg50). Control alginates Pronova Ultrapure LVM (UPLVM) and LVG (UPLVG) alginates both contained 4.9 AE 0.1 mg/g protein, a 38% difference as compared with the alginate we purified (p < 0.05). These results are summarized in Figure 1 .
DNA and RNA contamination. Residual DNA and RNA contamination were determined after optimizing protein purification using PVDF membrane filtration. Non-purified alginate (Sigma-Aldrich 0682) contained 3.39 AE 0.02 mg DNA per gram of dry alginate and 32.48 AE 2.78 mg of RNA per gram of dry alginate. Following purification, the residual amount of DNA was reduced to 1.28 AE 0.01 mg DNA per gram of dry alginate, a reduction by 62% (p < 0.01) ( Figure 2 ). RNA content was too low following filtration to be detected using the Qubit system, which indicates that there was less than 10 mg RNA per gram of dry alginate, a reduction by at least 69% (Figure 3 ). Pronova LVM and LVG alginates contained less than 0.25 mg DNA per gram of dry alginate and less than 10 mg RNA per gram of dry alginate as shown in Figures 2 and 3 .
LPS. The commercial Pyrosate assay to detect LPS has a detection level of 0.25 EU/mL. PVDF purified alginate (Sigma-Aldrich 0682) and control alginates (Pronova UP LVM and UP LVG) at both 2% and 0.2% dilution did not induce gel clot formation, indicating LPS levels of <125 EU/g dry alginate. Testing of non-purified alginate (Sigma-Aldrich 0682) resulted in gel clot formation at both 2% and 0.2% concentration, indicating that there was LPS contamination of >125 EU/g dry unpurified alginate, and that there was at least a 90% reduction of LPS levels after PVDF purification.
Viscosity. Purified alginate displayed a mean viscosity of 328 AE 55.6 cP at 2.5% w/w solution and 32 AE 2.4 cP at 1.2% w/w solution (Figure 4) . These values correspond to previously reported pre-and post-purification viscosities and are within range of the optimal viscosity of 200 cP at 2.0%-2.5% for post-processing (i.e. alginate bead formation) procedures. 14 
Splenocyte proliferation in vitro
Stimulation with different alginate samples at 0.2% concentration of rat splenocyte proliferation after 48 h of incubation was determined by spectrophotometric assay of colored product in the Roche assay using WST-1 ( Figure 5 ). Non-purified low molecular weight alginate (Sigma-Aldrich 0682) induced the highest degree of proliferation. The control alginates (Pronova Ultrapure LVM and Ultrapure LVG) induced a significantly lower degree of proliferation than non-purified alginate, but significantly higher than baseline, which was determined by unstimulated splenocyte proliferation in growth medium alone. Alginate purified by our newly described protocol did not induce proliferation above that found at unstimulated baseline. This result is consistent with the observation that alginates with a high mannuronic acid ratio (i.e. Pronova Ultrapure LVM) are reportedly more immunogenic than alginates with a high guluronic acid ratio (i.e. Pronova Ultrapure LVG). 29 However, since Sigma-Aldrich 0682 contains primarily mannuronic acid residues without induction of proliferation, it is possible that residual protein contamination or other contaminants may be more important for stimulation of immunogenicity of alginates than the composition of alginate itself. Results are presented in arbitrary absorbance units corrected for background absorbance by unstimulated cells at 450-650 nm ( Figure 5 ).
Immune response in vivo
To determine biocompatibility, purified alginate (Sigma-Aldrich 0682) scaffolds were implanted between the rectus muscles of male Lewis rats (n ¼ 5). Scaffolds were well tolerated throughout the duration of all the experiments. One month following implantation, scaffold material was easily recovered with little evidence of adhesion or scarring. Histologically, fibrotic overgrowth as determined by blue staining using Masson's trichrome was limited when compared with fibrous overgrowth in the area of PGA suture material ( Figure 6 ). Inflammatory reactions, as quantified by the number of multinucleated giant cells, were minimal, and significantly fewer than the number found at the site of PGA sutures (p < 0.05) (Figure 7 ). We did not implant unpurified alginate scaffolds as controls due to expected adverse reactions based on level of impurities and significant splenocyte proliferation in vitro, which could cause unnecessary distress in vivo.
Discussion
We developed a practical and economical alginate purification protocol aimed at reducing residual protein and LPS contamination, which are typically found in many alginate preparations following various published purification protocols. 14 Our method drastically reduced the quantities of organic reagents needed for the purification while being able to provide high levels of alginate purity. The only inorganic component that we employed was sodium phosphate in water (Flow chart 1). We report here a novel alginate purification protocol, which leads to much less residual organic contamination of the final product when compared with either commercially available ultrapure alginates (i.e. Pronova UPLVM and UPLVG) or alginates purified by other existing purification protocols. 14 Our protocol is based on the high affinity of hydrophobic PVDF for organic materials under specific buffer conditions. PVDF binds organic molecules through both hydrophobic and electrostatic interactions; we found that an alginate solution of low ionic strength, which is slightly acidic (10 mM sodium phosphate buffer at pH 5.5) could optimally bind and therefore remove organic contaminants under flow-through conditions. Overall, approximately 70%-80% of alginate was lost, mostly due to charcoal treatment and ethanol precipitation, both of which are generally used for removal of gross organic contamination from non-purified alginates and therefore considered unavoidable loss.
In devising this protocol, we reasoned that serial filtration through protein binding membranes would gradually reduce residual organic contaminants.
We evaluated a range of conditions, such as pH and ionic strength of the alginate solution prior to settling on the optimal one for filtration. Alginate's pKa is approximately 3.2, depending on the proportion of mannuronic and guluronic acid residues. We found that a pH of 5.5 in 10 mM phosphate buffer was optimal when combined with filtration through hydrophobic PVDF membranes. We also tested activated membranes based on aldehyde chemistry (Pall Ultrabind, 66544, Pall Corporation, Ann Arbor, MI) or anhydride chemistry (Pall Immunodyne ABC, NBCHI3R, Pall Corporation, Ann Arbor, MI), which covalently bind organic molecules via amino groups at neutral or basic pHs. However, we were not able to achieve efficient removal of proteins using the latter membranes. It is possible that these activated membranes need longer exposure to protein-containing solution or that proteins prefer to remain bound to alginate under the conditions necessary to optimally bind protein with the filters, i.e. pH [8] [9] . A more important disadvantage of such membranes is their high sensitivity to aqueous and humid environments, which rapidly inactivate the membrane's active protein binding groups. In contrast, hydrophobic PVDF membranes are highly stable, have low cost (approximately US$ 0.04-US$ 0.05 per cm 2 ), and can be easily stored in a standard laboratory environment. The influence of ionic strength and pH in our purification method was striking. Using an aqueous unbuffered alginate solution at pH 5.5 or 50 mM phosphate buffer at pH 5.5 or 8.0, protein removal was not efficient. Hydrophobic PVDF interacts with organic molecules under a wide range of conditions through both hydrophobic and electrostatic interactions. 24 The exact kinetics of these interactions are not known, however contaminating proteins may carry a different charge, which may favor binding to hydrophobic PVDF when compared with alginate placed in low ionic strength buffers. Of note, residual DNA, while significantly reduced, remained higher compared with Pronova alginates. DNA is known to elicit immune responses and may warrant additional purification steps. Histologically, we compared purified alginate scaffolds to PGA suture material and found significantly more scarring and giant cells around PGA compared with alginate. Foreign body giant cell formation is the end-stage response of the inflammatory and wound healing process following implantation of biomaterials. Little fibrosis and low numbers of giant cells could implicate low immunogenicity or active suppression of an inflammatory response by alginate. We quantified average number of giant cells per high power field at 4 weeks. To get a better understanding of the regenerative process, multiple timepoint measurements may be desirable.
In 1994, Klo¨ck et al. developed an alginate purification process based on free flow electrophoresis (FFE). 17 A comparable approach was performed more recently, by using size exclusion chromatography (SEC). 30 These methods resulted in highly purified alginate preparations, with residual protein contamination of only 0.05% of dry alginate weight, significantly less than 0.3% that is obtained with the chemical extraction protocol of Klo¨ck et al. or the membrane filtration protocol described here. However, by adding a final dialysis step against saline instead of water in addition to the chemical extraction method of Klo¨ck et al., Menard et al. recently showed that they could reduce protein contamination to 0.05% without the use of FFE or SEC. This accomplishment was probably due to reduction of electrostatic interaction between proteins and alginate in saline during dialysis. 30 The addition of dialysis in saline instead of dialysis in water to step 7 (Flow chart 1) of our purification protocol should achieve a similarly high purity of alginate, using significantly lower volumes and number of organic reagents making the process more useful and practical.
Previously used methods such as FFE or SEC have been already shown to result in a product contaminated by residual protein that is responsible for immunogenicity of alginate. However, for large scale application, the disadvantages of such purification methods is high cost of equipment and that these procedures are highly labor-intensive. Whether alginate purity achieved regarding residual protein contamination using current methods is clinically acceptable remains to be determined in further trials, as there are no regulatory limits for residual protein contamination due to the number of variables involved, i.e. quality and quantity of contamination leaves it up to the manufacturer to determine safety. With regards to residual LPS, the Food and Drug Administration (FDA) accepts levels < 5 EU/kg for solutions or implantable devices to be used clinically. With a residual level of <125 EU/g dry alginate following PVDF purification and potentially much lower, a quantity of 5 EU/kg in a 80 kg human would allow implantation of at least 3.2 g purified alginate before pyretic effects would ensue. At 2% w/w alginate solution, this would allow a volume of 160 ml, which is more than sufficient to generate relatively large size scaffolds for clinical use. For large scale clinical tissue-engineering applications, a combination of relatively high purity non-immunogenic alginate together with minimal systemic or local immunosuppression appears more desirable than the use of ultrahigh purity alginate, which comes with considerable cost and questionable immunologic value. Application of hydrophobic PVDF-based filtration would allow for significant up scaling of the alginate purification process by using reactors with large surface PVDF membranes or porous PVDF columns. Reconstitution of PVDF by elution of organic contaminants with sodium dodecyl sulfate (SDS) 23 would allow reuse of equipment for repeatable purifications.
Other polysaccharide biomaterials like chitosan or xanthan gum may also benefit from PVDF purification. However, several physical and chemical conditions apply to make the process useful. Polymer solutions should be aqueous and viscosity low enough for sufficient flow through. Buffer conditions should enhance affinity of organic contaminants for PVDF, while preventing the binding of polymers. The high chemical stability of PVDF membranes permits their use under different experimental conditions with appropriate polymers and buffers.
Conclusions
Because of its versatile nature and inertness (non-immunogenicity), purified alginate remains one of the most attractive biomaterials for experimental applications in clinical tissue engineering. The development of large scale clinical tissue engineering trials will require standards for alginate purity that should be environmentally, economically, and biologically acceptable. We hereby describe a novel method of alginate preparation and purification based on PVDF membrane filtration that addresses these issues. The use of PVDF membrane filtration is an economical solution, which reduces waste and results in alginate with clinically acceptable purity levels while remaining non-immunogenic. With recent advances in regenerative medicine and tissue engineering, clinically useful and affordable biomaterials are desperately needed and will become of paramount importance for successful clinical progress.
